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AnanalysisoftwoX-rayabsorptionmethodsfordetermining
smallair-density@radientsispresented.Onemethodutilizesa
Geiger-Muellercounterfordetectionandtheotherusesphotographic
filmfordetection.Themethodsarea refinementofa previous
similarapplication.Withtheresultingsensitivityindensity
measurement,thefirstmethodwassuccessfullyappliedtotheevalu-
ationofa 6-percentdensitygradientofa flat-plateboundarylayer
ofaboutO.024-inchthicknessina two-dimensional-flowchannel.

Ihtheothermethod,thedivergenceoftheX-raybeampassingthe
absorberposesa probl-. A solutiontot~s problemispostulated.
Inaddition,examplecalculationsoftheexpected
boundary-=yerdensitymeasurementssregivenfor
selectedforoptimumoperation.

13’?TRODUC!lIION

sensitivityin
X-rayparameters

Theapplicationof softX-rayabsorptionas a techniqueforthe
determinationofairdensitieshasa potentialadvantageoverthe
opticalradiationmethods,especiallyindeterminingairdensities
overa longpathlength,inthatX-rayrefractionerrorsarereduced
byatleasta factorof103. Ihaddition,allradiationmethodshave
theadvantagethatnoprobeshavetobe insertedintothestreamwhen
evaluatingdensitygradientsina windtunnel.Radiationmethods,
however,canonlybe employedwhentwo-dimensionalflowcanbe pre-
supposed.Inreferences1 and2,thepossibilitiesoftheX-ray
absorptionmethodarerecognizedandareappliedtothetivestigation
ofdensitiesinwindtunnels-(reference1) andshockwavesin super-
sonicflow(reference2). AU investigatorsusing,thismethodcon-
cludedthatthefullpotentialoftheX-rayabsorptionmethodcanonly
be realizediftheprobingX-raybeamcanbemadesubstantiallysmaller
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thanthatusedinrefkences1 and2 by providinganX-raysourceof
higherintensityandanX-raydetectorofhighersensitivity.

P

A studyoftwodifferentX-raydetectingmethodswasmadeatthe
MACALewislaboratoryandtheresultsandtheconclusionsobtainedare
presentedhereti.Thesensitivityoftheah-densitymeasurementcan
be increasedfourfold,eventhoughtheprobingX-raybeamwouldbe
decreasedin sizeby a factorof30withreferencetxtheinstrument
previouslydescribed(references1 and2)by employingGeiger-Mueller
countersinsteadofan ionizationchanibertoprovidea detectorwith
increasedsensitivityandby utilizinga tungsten-targetX-raytube
insteadofonewitha chromiumtargetto increasetheX-rayintensity.
Witha resultingsensitivityinairdensityofH_.5 percentat atmos-
phericpressureanda probewidthof0.002inch,thismetQhodcanbe
appliedto densitydeterminationsina boundarylayerofan airfofi.
Thedensitygradientat onestationintheboundarylayerofa flat
pkte at subsonicflowofMachnumberof0.55wasexperimentally
deterndnedbyX-rayabsorptionmeasurementsandcomparedwitha cal-
culatedlaminarbounda~layerto indicatethefeasibil.ityofthe
X-ray-absorptionmethodforsuchstudies.

Enplo@g photographicfilmas anX-raydetectorpermitsthe
analysisofa completeboundary-layerstationfroma singleexposure
withoutlossin sensitivityinah-densitymeasurement.Thisusage
elhd.natesthemach~n ofaccurateandmovableparts,whichare
requhedinthepetit-by-pointmethod.IhthecaseofX-raydetection
by photo~phicfti, eachindividualrayactsasa probingelement.
Theresolutionofthemeasurement,however,isdeterminedby the
geometryofthesetupandby thesizeofthedensitometerpickupused
tomeasurethefh densities.

TheX-raybeamexhibitsa conicalgeomet~j thisdivergenceofthe
beamshqil.dposenoproblemwhenemployingGeiger-MuelJ-ercounterswith
anX-raybeamreceivingslitof0.002inchwidthora scanningX-ray
beamwithphotographicfilmasthedetector.Forthe.sin@e-eWosure
photographicmethod,however,themeasuredX-rayintensitymustbe
correctedforthedivergenceoftheX-raybeam. Suggestionsfor
applyingsuchcorrectionsarepresented.

Operat@gcharacteristicsrequiredwhenusingX-rayequipmentwith
Geiger-Mnellwcountersandphotographicfilmforair-densitymeasure-
mentsina boundarylayerofanaMoil at givenflowconditionsare
cal.culated.

— ...— —. .
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THEORYANDDESCRIPl?IOIJOF’METHOD

3

.

N
*z

.

.

.

.

TheintensityI ofanX-raybeamremainingafterabsorptionis
givenby Ianibert’slaw

e-BPL (1)
+6=

where

10
B

P

L

(For

initialX-rayintensity

totalmassabsorptioncoefficient

densityofgas

pathlengbhthroughabsmbinggas

convenience,allsyuibolsaredefinedinappendixA.) Thislaw
presu~osesthattheinitialX-raybesmisdirectlyticidentonthe
absorbingmetiumandthatthesourceconsistsofparallelrays. If,
however,theinitialX-raysourceisa pointsourceanda distance
d awayfromthedetector,equation(1)becanes

(2)

wheretheconstantC isa functionoftheabsorptionthattheinitial
X-raybeamexperiencesbeforeentering
and A isthecross-sectionalareaof
d,as showninfigure1.

Thesen8ititityinairdensityis

andafterleavingtheabsorber
theX-raybeamatthedistance

calculatedfromequation(2)as

ap= a-—
P IBLp

andtheminimumdetectabledemitychangecanbe expressedas

m=

whichconvertsto equation(3)

()loge 1 - *
BL

for

AI
TII al

(3)

(4)
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.

h thiseqy.ationjAI/I representstheaccuracyinintensitymeasure-
ment. .

Rromequation(2), it isseenthatthenuriberof quantaentering
thedetectingdevicedependsnotonlyonthedensityoftheabsorber
butalsoonthelengthof-theabsorbingpath,thegeometricalarrange-
mentoftheequipment,thecross-sectionalareaoftheX-rayprobing
beam,theinitialX-rayintensity,andthemassabsorptioncoefficient.
A studyofthesevariablesshowsthat:

1.Theabsorberlengbhisinvariantinanygivenproblem.

2.Thegeometricalarrangementoftheequipmentshouldbe such
thatthelossinX-rayintensitybetweentheX-raysourceandthe
absorberisa minimum.b thecasewherethemechanical.gemetry
requiresthattheX-raytubebemounteda givendistancefromthe
sectioncontainingtheabsorbingmedium,thisdistsmceiskeptas small
asfeasibleandthelossin‘intensitydueto absorptionisminimizedby
passingtheX-raybeamthroughan evacuatedtube. Especiallythh
windowsare~loyed attheentranceandexitsidesoftheabsorber
sectionforleastintensitylosses.Jh specialcases,remountable
X-rayttiesmaybe employedto altogetherelhinatewindowmaterial. .

3.Thecross-sectionalareaoftheprob’tigX-raybeamischosento
be a rein- forhighestresolutionbtisufficientin sizeto givethe .
intensityrequiredby thedetectorfordestiedaccuracy.

4.A highinitialX-rayintensityisdesiredto obtaina maximum
X-rayfluxforhighdetectingsensitivityy andshortttiemeasurements.
Thetitid.X-ray“titensity increasesdirectlywiththeatomitnuniber
ofthetargetmterialandtheap@iedcurrentand-isa functionofthe
appliedvoltage,as showninfigure2. l?hetungsten-targetX-raytube,
becauseof itshigheratomicnuniber,generateshigherintensitiesthan
theiron-targettube. Theintensityvaluesinfigme 2 weremeasured
throughtheberylliumwindowoftheX-raytubesandat a ftieddistanoe;
hencethevaluesarenotabsolutebutrathersxerepresentativeof
relativeintensities.ThemaMmumvalueofthetitensityislimitedby
thetargetmaterialavailableincommercial.X-raytubes,by thecurrent
limitat@nssetby theX-rayequipmemt,andby themximumvoltagethat
canbe appliedwithotilossinthedesfiedsensitivityinthe
afi-densitymeas~emmt,asm tieexplainedlater.

5.Themassabsorptioncoefficientis selectedtopermitsuffi-
cientfluxto reachthedetecto:soasto approachthedesiredsensi-
tivityinair-densitymeasurement.Thetotalmassabsorptioncoeffi-
cientformonochromaticX-rays,inthiscasefortheeffectivewave-
lengthsofthegeneratedcentinuousspectra,equals

.

.
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(5)

where S isa termdueto scattering,whichcanbe neglectedbecause
itneverexceeds0.1percentforthesoftX-rayEemployedinmeasuring
air-densitygradientsand Z istheatomicnumberoftheabsorber,
whichisairinthisstudy.Thusequation(5)tndicatesthatthemass
absorptioncoefficientisinverselyproportional.tothethirdpowerof
the voltage,wherethevoltageis tiverselyproportionaltotheeffec-
tivewavelen@hoftheappliedX-rays.Aftertheproportionality
constantC’ “wasexpertientallyobtainedfromtwodeterminationsof
themassabsorptioncoefficientat 3.2and4.0kilovolts,approximate
massabsorptioncoefficientswerecalculatedforseveralvoltagesand
areplottedinfigure3.

Forhighsensitivityinair-densitymeasurements,accordbgto
eqyation(3),a highmss absorptioncoefficientis”desiredandcanbe
achievedby employinglowvoltages.A highintensityisalsorequired
to givesufficientcountingaccuracyandcanbe obtainedbyapplying
highvoltages.Thevoltageisthereforead.@tedtogivesufficient
X-rayintensityanda massabsorptioncoefficientforhighestsensi-
tivityinati-densitymeasurement.

SENSlI171V12J?!lOFDENSITYD~ION

Becausethesensitivityofthedensitymeasure&ntsisofprime
importancefortheevaluationofdensitygradients,itslimitationis *
analyzedforthetwoselectedX-raytitensitydetectingmethodsof
employingtheGM (Geiger-MueJler)counterand,subsequently,the
photographicfti asreceivingelement.

Geiger-MuellerCounterasDetector
.

Counterresolvingthe. - Formeasuringtheah densitiesbymeans
ofX-rayabsor@ion,GM counterswereusedwitha scalingcircuit,
Whichallowss3mplehandli@jandproducesstableoperattigconditions.
Notonl.yareGM countersmoresensitivethanionizationchanibers,but
alsotheirsensitivitydoesnotchangewitha variationinwavelength.
Eachquantum,independentoftheX-rayenerg,enteringthecounter
producesa pulsethataftersuitableamplificationwild.triggerthe
scalingCticuit.H, however,thequantaarefollowingeachotherat
shorterintervalsthantheresolvingthe T ofthecounterpermits,
a countingerroreqpalto ~T, where ~ isthemeasuredcounting
rate,isintroduced.Thetruecountingrate u canbe obtainedas
follows:

--— ——— -—..——- —



*

NACATN 2406
.

%n.—l-RmT (6)
.

Thecounterresolvingtimevariesforeachcounter,butwasex_perimen-
tal.lyfoundtobe 5+7x iO-6minutesontheavezage.Thisoounter
resolvingtimeihtmducesanerrorofabout0.6peroentfora counting
rateof1000cuuntaperminuteandislessforlowercountingrates.

N
E
N

Countingsensitivity.- TheX-ny quantaenteringtheG-Mcounter
am randomlydistributed. The countingofsuchrandomlydistributed
pulsesintrcduceaanerrorduetothelawofstatistics.Thisrelative
probableerrorAN/X i13givenas:

(7)

whereN i-s the total.numberofcountsand ~ isthetier ofback-
groundcounts,whicharealwayspresent.Themuiberofcountsdueto

, thequantaemanatingfromtheX-raysouroeis N -~, where~ can
be neglectedwhen N>NB. Thisconditionetistsfora short-dumtion
high-intensitycount,suchas isdesirableformeasureuntsofdynamic
wind-tunnelConditions. Thebackgroundcount~ fora countingperid

.

of1 mimtewasfoundtobe about40to 50. Fora durationofmeasure-
mentof 1,2, and3 minutesanda countingrateof500countsperminute, .
therelativeprolableerroraccordingtoequation(7)is+3.5percent,
*2.5percent,and+2.0percent.Hence,500countsperminuteseema
requiredminimmintensitytogivesufficientcountingaccuracyover
shortenough~asuringperiods.

Experimentalmethodandresults.- Theaccuracyincountingand
thesensitivityinair-densitymeasurementwereexperimentallyinvestl-
gated. A MachlettX-my tube,TypeA-2DiffractionTube,witha
tungstentargetandtwoseparateO.5-millimeter-thickberylJ-iumwindows
wasemplo~d. Theabsorbingmedium,air,wascontainedina test
sectionof4-inchpathlengthwitha cellophanewindow(O.001in.thick)
oneachside.TheX-raybeampassedthroughthefirstcellophanewindow,
theabsorbingair,andthesecondcellophanewindowtothemeasuring
G-Mcounter.Theairdensityintheteatsectionwaschangedby evacu-
ationwiththeaidofa vaouumpump.ThemeasuredX-=y intensity
variedovera ratioof1 to 3 foraboutone-halfatmospherechangein “
densityforanappliedX-xaytubevoltageof3.2kilovoltsanda
resultingmassabsorptioncoefficlentof90squarefeetperpound.In
orderto eliminatetheerro= intheX-my-intensityBasurements
resultingfromfluctuationsintheX-my emission,a referencecount
witha secondGM counterattachedWectly toonetindovof

— —— —
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theX-raytubewasobtained.Theratioofthemeasuring“andreference
countsN/NR isproportionalto theintensityratioinequations(1)
and(2). TheprobablerelativeerroroftheratioN/NR iscomposed
oftheerrorsofbothcountsandcanbe expressedas

~=.~m -,,,
A(NmR)

Theexperimm.talcountingaccuraciesofthreereferenceratioseach
obtainedfromtenmeasurwmntstiththecalculatedvaluesforthesame
numberofcountsarecomparedinthefollowingtable:

Rrperimental I Calculated

40 3,530
12013,450
20019,600

1,8500.525+2.02 S.15 *1.= 34.9’
7,090 .525*1.52 + .5’ * .82H.03
10,260.524+1.!% ● .54 + .69+ .87

Rromtheprecedingtable,itseemsthata countingaccuracyof
2il..5 percentisaboutthebestobtainablewiththeconuneraial.ly
availablecomponents.Thisaccuracyismorethansufficientforthe
intendedwind-tunnelapplications.

Withthedescribedtestsetupanda countingaccuracyofabout
*.0 percent,a sensitivityinair-densitymeasunmentofbetterthan
M..0percentisobtainedatatmosphericpressure(equation(3)).. This
sewitivityseemedsuitable,forapplicationofthemethcdtothedensity
measurementsofa boundarylayer.Suchanapplicationwillbe described
laterinthisreport.

PhotographicFilmasDetector

Theoryoffilmdetector.- Thecharacteristiccurveof a photo-
graphicmaterial,emulsiondensityasa functiond thelogarithmic
exposure,isa straightlineovera considerableportion.Theequation
ofthislinecanbe expressedas

D ‘T(log~+Iogt - logi) (9)

.
. -—.—7-– -- — -- -— ---- — —.—_ . ..-
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D

Y

I

t

i

filmdensity

slopeofline

intensityimpingingonfilmjinthiscaseX-rayintensity

exposum3tim

Inertiaofphotogmphingnmterial,constantofemulsionforfixed
developingprocedure

Substitutingequation(2)inequation

D = -0.4347BLp+

ati

P D=-
0.434yBL:

(9)gives

K’

K“ 1 (lo)

where
/

( IOC
K’

)

=Ylog~+logt -logi

and

Both K’ and
exposuretin .
measuremmtis

K“ = “0.434y%L

K“ areconstantfora givenexperimentalarrangementand
Fromequation(10),thesemitivityinair-density .

Q=- all
0.434mp

(lJ_)
P

anda mimbmundetectablechangeinairdensitycanhe expressedas

&= m “0.434y3L (12)

where AD representstheaccuracyinemulsion-densitymeasurement.
Equations(n) and(12) areverysimilarto equations(3)and(4),only .

1
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theaccuracyincuuntingintensityissubstitutedby theaccuracyin
thefilm-densitymea~ment foranyconstant7 ofthephotographic
material.

9

JZzperim?ntalmethodandresults.- In figure4 is shownthechar-
acteristiccurveofKcdakfilmE@ctrumAnalysisNo.1 for.4.O-kilovolt
X-raysusingKodakDeveloperD-19anda developingtimeof5 minutes.
Otherphotographicmatetialsanddevelopingprocedureswereinvestigated
butwerefoundlesssatisfactory.Figue 5 iLlustra@stheexperimental
arrangement.TheX-raybeamfromthetungsten-targetMachl-ettTypeA-2
Diffractiontube@ssesthroughthe5l-inch-longtestsection,through
oqeO.001-inch-thickcellophanewinduw,andimpingesonthephotographic
film.In orderto obtainthecharacteristiccurveinfigure4,the
energy(Ixt)incidentonthephotographicfilmwaschangedby varying
theexposuretime t whiletheX-rayintensityI remained.constant.
Theemulsiondensitieswithinthestraightportionofthecharacteristic
curverangefrom0.7to2.3. Theslopeofthislineis 7 = 1.66.For
eachgivensetofX-rayintensitiesdeterminedby theparametersofthe
experimentandthemeasuringconditions,theexpom timeisso
selectedastokeeptheresultingeml.siondensitieswithinthezmge
ofthestraightportionofthecharacteristiccurve.

Theeetupinfigure5 wasusedto checkequation(10)experimen-
tally. Thetestsectionwasevacuatedtodiffe=ntairdensities.A
constantintensityX-raybeamof4.0kilovoltsand17.5milliamperes
waspassedthroughthetestsectionateachoftheknownairdensities
andthefilmwasexposedfora predeterminedtime.Thefilmdensities
weremasuredona photographicanalyzertitha pickup0.063inchin
diametir.Threesetsofmeasurementsweremadeatie, pl-ottedin
figure6. Theexposuretime foreachsetofdatiwassoadjustedas
tokeeptheemulsiondensitieswithintherangeofthestraightportion
ofthecharacteristiccurve. In onlertonomalizethethreesetsof
data,equation(10)wasck~a to

(D-%)
Pm-P= 0.434 m

(13)

where ~ wasarbitrarilychosentobe the~ densitymeasuredfor
eachsetof dataand Dm istheemulsiondensityforthe*
density~. Thedashedlineinfigure6 iscalculatedfromeqwa-
tion(13)foranexperimentalvalueof B of46.6sq~e feetperpound
and L of 0.425foot.Figure7 showsthephotographicexposurescorre-
spondingto theexperimentalpointsofrun,2infigure6.

.,

.
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In oxderto calculatethesensitivityofthe
ment,itisnecessarytobow theaccuracyinthe

air~ensitymeasure-
etision-density

meas&ment. Forthispurposea tier ofuasmmnts weremadeat
constantairdensities,at fixedX-rayconditionsandidenticalexpou
times(about45 see). Threesetsof dataobtainedatthreeah
densitiesareshowninfigure8. Theemulsiondensities@Otteaonthe
mph weremeasured onthedensitometer.Theprobableerrorin D was
foundtobe@ .006andtobe independentoftheemlsion-densityvalue.
TheprolableerrorinemlsiondensityD wasmeasuredtohe H. 005by
a microphotometerwitha slitpickupofO.0004-inchwidth,which
indicatesapproximatelythesameaccuracy.Thesmallersizepickupof
themicrophotometermikesthisinstmmsntbettersuitedtomeasurements
ofdensity@ients overtheextremelyshortdistaricesencounteredin
boundarylayersandalsowherehighresolutionindensitygradientis
requires.A probableerrorin D ofio.006resultsIna sensitivity
inair-densitymeasurementof@.6 psrcentatatmosphericdensity

,. (equation(n)),whichcorrespondstoa minbmmdetectabledifference
inairdensityofabout4 x 104 poundpercubicfoot.

Withtheresultingsensitivityinair-densitymeasummsntof
*O.6 ~rcent,thephotographicmethalseemsapplicabletodensity
determinationsina boundarylayer.Thisarrangemmthastheadvantage
thata completitmundary-layerstationis obtainedfroma single
‘exposure,whicheliminatesthemovablepartsrequiredforscanningin
thepreviousmethmi.

APPLICEIIiWNTOWINDTUNNELBYUSINGGEIGER—MUEHXW

couNTEmAsDETECTOR

Thotogra@softhetunnel,X-rayequipment,anddetectorsare
showninfigure9. Figure10 isa cross-sectionaltiwingofthe
tunnel.A GM counterdirectlyconnectedtoonewindowof a Machlett
tun@en-tirgetX-raytube,TypeA-2Diffraction,measurestherefer-
encecounts.TheX-raybeamfromthesecondwindowispassedthrough
anevacuatedchenberja cellophanewindow,thetunnelsectionof4-inoh
pathlength,anda secondcellophanewindowto themeasuringG-M
counter.A receivingslit0.002inchinwidthand0.25inchinlength
isattachedtothefrontofthedetectingG-Mcounterinsucha waythat
it,togetherwiththeG-Mcounter,canle rotatedtobe alind parallel
totheairfoil.Becauseoftheerbemelysmallsizeof thereceiving
slit,itnmst%e psrfectlyalinedwithregardto themodelandtheair
stream.Theairfoilisa flat@ate 1 footinlengthmountedona
micrometerarrangementthatmovesitlackandforthinrelationtothe
O.002-InchprobingX-raybeam. TheX-=y probingbeamisstationary

.

.
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andtracestheboundarylayerat a positionabout7:inchesbackfrom
theleadingedgeoftheplate.Thetunnelhaditsmsximmoperational
flowata ~ch numberof 0.55andwasoperatedatnesratmospheric
density.An appliedX-rayvoltageof3.2kilovoltswaschosen.

ThecalibrationcurveisgiveninfigureI-1.Whenmodifiedfrom
equation(2)forthereferencemethod,theequationofthiscurve
becomes

:=

kc-B@ (14)

where k cotiinesthoseintensityandabsorptionfactorsforboth
counts,whichremainconstantduringeachmeaswement.Thecalibration
curveisobtainedby evacuatingthetunneltovsriousdensities,which
aredeterminedfrompressure-probemanometerreadingsrecordedsW-
taneouslywiththecounting-rate-ratiomeasurements.Oncethiscurveis
establishedfora givenX-raysetup,it isnecessaryonlyto Qcate one
pointforeachX-rayrunbecauseonly k changes,whichresultsin
merelya parallelshiftofthecalibrationline. Thepointestablishing
theparallelshtitisbestobtainedfrana counting-rateratiocorres-
P- to thefree-stradensityPO,whichisdeterminedfrom
pressure-probemeasurements.

Inorderto compensatefortheinterferenceoftheX-raybeemwith
thepresenceoftheairfoil,X-ray-intensitycurvesweretakenforeach
runwithoutairflowingthroughthetunnel.Inthesecompensating
curves,theX-rayintensityismeasuredasa functionofthedistance
oftheplatesurfacefromtheX-raybeam. Ina properlyalinedinstru-
ment,theintensityisunaffectedwhentheplatesurfaceis0.001inch
andmoreremovedfromtheslit.Theexperimentalpointsinfigure12
arecalculatedfromX-rayintensitiesthatarecorrectedfromcompen-
satingcurvesmeasuredimmediatelypriorto or aftereachtunnelrun.

Theplottedpointsinfigure12 areobtainedfromX-ray-absorption
data,whereasthesolidlineiscalculatedfora lsminsrboundary-layer
curveusingtheBlasiusfunctionandneglectingheattransfer.The
theoreticalerrorintheexperimentalX-rayabsorptiondensitymeasure-
mentswascalculatedtobe about&O.8percent,whichcorrespondsto a
minimumdetectabledifferenceinairdens”ityof 6 X 10-4poundper
cubicfoot. Eachpointwasobtainedfromthreel-minutedeterminations.
Theexperhnentalpointsappearto establisha commontrend,indicated
by thedashedline,withanaccuracybetterthanthecalculatedaccuracy. -
ThiscomnontrendoftheX-raydensityrum indicatestinepotentialities

- . .—- .——-———-- —.— _...— - ..—. -——-.



12 NACATN 2406

oftheX-rayabsorptionmethodforboundsry-layerdensityevaluations
evenincasesshilsrto thepresentone,wheretheflowconditions

.

areextremelyunfavorableforanydensity-gradientdeterminantions.

Theonestationboundary-layercurveofdensityp againstthe
distancey fromthesurfaceofthemodelwasobtsinedby reading
theX-rayintensityandby subsequentlycalculatingthedemity p
foreachmeasureddistancey. Inorderto eliminatethetedious
procedureofdatareadingandpoint-by-pointcalculation,a recorder
computerwasdevelopedthatcanplotthechangingairdensities
directlyas a functionofa linearscale,whichinthecaseof a
boundary-layerdeterdnationwouldbe the y-scale(seeappendixB).

OperatingcharacteristicsrequiredwhenusingX-rayequipmentwith
Geiger-Muellercountersendphotographicfilmforair-densitymeasure-
mentsina boundarylayerof anairfoilatgivenflowconditionssre
calculatedinappendixC.

EFFECTOFDIVIRGENIX-RAYBEAMON

BOUNDARY-IJCU3REVALUATIONS

An X-raybesmconsistsofbundlesof divergentraysduetothe
modeofpropagationofX-rays.Ifthedensityis constantthrouglmrt
thespaceencompassedby theX-raybeam,theabsorptionwild.be prac-
ticallythesamefordivergentandparallelrays. E a density
gradientexiststhroughoutthespacecoveredby a dtvergentbeam,
however,eachraywilltraverselayersofclifferentdensity.This
problemisencounteredintheinvestigationofboundarylayersby an
X-rayabsor@ionmethod.

TheMachlett,TypeA-2Diffraction,tubehasa focalspotof
about0.004by 0.04inchatthetsrgetas seenfromthedirectionof
theberylliumwindow.IntheX-rayarrangementtiththeG-Mcounter
asdetector,theO.002-inchslitseestheO.004-inchtideX-raybeam
enteringthetestsectionwitha widthoflessthan0.003inchandas
iftheX-rayswouldemanatefromansrrayofpointsources.In
addition,aninte~atedintensityoverthereceiving-siltarea
representseachpointmeasmement.Thedivergenceoftheraysthere-
forehsrdlyaffectsthemeasuredabsorptioninthecaseofpoint-by-
pointdeterminationsprovidedthesizeofthedetectingpickupis
ofthessmeorderofmagnitudeasthebesmprobingtheabsorbing
medium.

. .—
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As forthesingle-expo-
the%eamposesa problemdueto
than0.25inchindiameter.In

I-3

photographicmethcd,thedivergenceof “
thelargeareaofthedetectorofmore
addition,an integratedintensityover

theexposureisno solutionbecausealldensitychangestobe investi-
gatedarecontainedinthisarea.Theindividualmeasurementaare
obtainedby integratingoversmallareas,whicharedeteminedby the
sizeofthedensitometerpiclnzp.

Ontheassumptionthatallraysdivergeradiallyfroma point
X-raysource,whichisdi~ctlyadjacenttotheentrancesideofthe
testsection,sothat d = L, theairdensitythroughthetraversed
distancer is integratedby eachX-rayata givenanglecp‘andCQ,e
19fromthecenterrayofthedivergentbeam. Thentheemulsiondensity
isa functionof r,g, and O andequation(10)foranyconstant
anglep and 19becomes

R
=(p,e= -0.4347f--Bp(~,e)@T,e + K’

o
(15)

Becausetheexperimentalemulsiondensities‘P,e oftheexposureare
obtainedasa functionofthelineardistancey fromthemodel,itis
desirableto obtainequation(15)inthes- coordinates.For
two-dimensionalflow, P(rQ,e) canbe substitutedby P(y),
rg,e= (y-a)/sin~ cose,ad ~,e = dy/sin9 cose,~where a is
thedistancefromtheplatetothecenteroftheX-raybeam,whichis
theoenteroftheexposure.ThelengthR ofall rg,e canbe assumed
tole constantandequal,tothepathlengthL; then

where Y isthedistanceof rT,e normaltothemodelat thelocation
ofthephotographicmaterialandequation(15)canbewritten

0.434 a
‘Y = -~ f

BP(Y)@+ K
a..

Differentiationwithrespecttothe~ameter Y gives

all 0.434711
f

0.434rep(Y)—= BP(Y)&- y - a
‘y (Y- a)2a

(16)

(17)

In oztlertodeterminethedensityP(Y),equations(16)and(17)
arecombinedtoyield

.

. ..— _ . .. ——. .— -——— -.-..—. — ..- . -. .—— ——. — .- -—- — _._—
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P(y)= - 0.4;4m
[ 1(Y-a) ~+ D-K’ (18) .

Fortheboundargcondition,
revertstotheparallel-beam

therefore

Y= a and P(Y)= p(a).Thenequation(18)
relationgiveninequation(10); N

EIv

K’ =Da+0.434y BLp(a) (19)

Thephotographicexposure?givesanemulsiondensityagainetdistance
(DagainstY) curve.ThederivativeofthatcurvedIJ/dYismequired
to obbintheair~ensi~distributionthroughtheboundarylayer,
(equation(18)). ThetangentdD/dY canbe measuredforeach”pointby
mechanicalmeansandequation(18)canthusbe plottedpointby point.
Theaccuracyofthisproceduredependsentirelyonthescaletowhich
theemulsion-densitycurveD againstY isdrawn;therefo~the .
boundary-layerourve,equation(18),canbe obtainedasaccuratelyby
thisuans astheexperimentdata~rmit. An empiricalcurve-fitting
procedurewouldappeartobe anotherplausiblemethcdofattackingthe
problem.Forinstance,by determininga tifferentiablepowerrelation
fortheexperimentalemulsiondensityanddistancecurve,equation(18) .

canbeusedto calculatepoint-by-pointair-densityvalues.

WhentheX-raysourceisnotdirectlyadjacentto thetestsection,” “
so that d> L (fig.1),thedensity-distanceequationbecomes

P(Y)= + P(Y)la+ (1-$ P(Yl)
m

= ; P(y)~8+ ; x ‘)np(yn)18(l-d
n.1

(20)

(21)

w~reP(y)lfj isthedensityas giveninequation(18)E@ P(Y1)iS
thedemi~ at theentrancepointsY1 where Y1 isthedistance
measuredat theX-rayentrancesidetotheabsorbercorrespondingto Y.
TheentrancepointsY1 arerelatedtothemeasureddistancesY so
that ,

Theterm P(Yn)ladenotesthedensitiesas calculatedfromequation(18)
forpointsYl,Y2, . . .Yn,Where

.

——. —
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Becausethesecond
~ convergingseries,

suffice.

Yn = (1- ~Yn-, +(:) a
factorofequation(21)inmostcasesisa rapidly
thecalculationoftwotothreetermswillusually

25

CONCLUDINGREMARW

CommercialX-rayequipmentwithGeiger-Muellercountersas
detectorswasfoundadequateformeaauringthedensitieswithinan
accuracyof 6 X 10-4poundpercubicfootin a tunnelof4 inchwidth
operatingatnearatmosphericdensity,whereanX-ray-beamwidthof
0.002inchanda measuringtimeof about3 minuteswereused.Fora
l-minute
of1.1x

The
boundary
edgeand

For

measuringtime,therefore,anaccuracyindensitymeasurement
10-3poundpercubicfootwasobtained.

X-raytechniqueofmeasuringdensityhasbeenapp~edto a

layerofa flatplateata station7:inchesfromtheleafing
at a Machnumberof0.55.

lower-densitytunnels,higherX-rayintensitiesandsofter
X-raysarerequiredtomaintaintheaccuracyof themeasurements.
Theserequirementscanbe achievedby emplo@g speciallybuilt,
&mountableX-raytubesandby eliminatingallwindowmaterial.

Formoreefficientoperationandproductionofa permanentrecord
ofthedensitymeasurements,a countingratecomputerrecorderwas
developed.Experimentshaveshownthisinst.rumenttobe successfulin
plotting”airdensitiesdirectlyasa functionofa linesrscale.~
ordertorecordtheairdensitiesthrougha boundary-layerstation,the
motionofthepaperhastobe coupledtothemotionoftheprobing
X-raybeam.

CommercialX-rayequipmentwithphotographicfilmasa detector
wasfoundadequateformeasuringthedensityina 5.1-inchpathlength
withanaccuracyof about4 X10-4poundpercubicfootwhena
densitometerpickupof 0.063-inchdianeterwasused,andwitha
microphotometerslitofO.0~-inchwidth.An exposuretimeofless
than1 minutewasemployedinbothcases.

Photographicmaterialasthedetectorhastheadvantageover
countingmethodsinthatalldesireddatasreobtainedfromoneMeas-
urement.Inaddition,nomovablepartsarerequiredforscanning.

.—.. —___ .—— — — __ —. . . . .
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Thephotographicmethodposesa problem,however,inthata
correctionforthedivergenceoftheX-ray%eamseemsnecessarywhen
evaluatingdensitygradientsmch as thoseencounteredinboundary
layera.Correctionmethcikaresuggested.

LewisFlightPropulsionLaboratory,
NationalAdvisoryCommitteeforAeronautics,

Cleveland,Ohio,March7,19SL.

.——
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. KPPENDIXA

SYM601S

A

a

B

c

c’

D

Da

Dm

‘Y

‘~,e

d

I

In

10

i

K

K’ “

K“

k

L

M

The followingsydolsareusedinthiereport:

X-ray beamareaatdistanced

distancefromairfoilto centerofX-raybeam

totalmassabsorptioncoefficient

functionofconstantabsorptionin d -L

proportitmality constant

filmemulsiondensity

filmemulsiondensityat a

filmemulsiondensityfor p . ~

filmemulbiondensityat Y ‘

filmemulsiondensityatX-rayangle~ and e

distancefromX-raysourcetodetector

X-rayintensity’afterabsorption

X-rayintensityat,n kilovolts,n = 3.2,4.0,4.9,6.8

initialX-rayintensity
.,

inertiaoffilmemilsion

proportionalityconstant,equation(5)

proportionalityconstant,equation(10)

proportionalityconstant,equation(10)

proportionalityconstant,e~uation(14)

absorberpathlength

Machnuriber

__— —._ __
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N

%6

%

n

R

%

r,cp,19

rep,e

s

t

T

T

‘1

Y

z

Y

P

‘o

%

Pm

p(Y)

T

NACATN 2406 .

totalmeasuringcounts

totalbackgroundcounts

totalreferencecounts

truecountingrate

pathlengthofdivergingX-=y, R * L, R $=d

measuredcountingrate

sphericalcoo~nateawith

pathofX-raydivergentat

X-=y sourceat center

anglerq and 19 ‘

absorptionduetoX-my scattering

filmexposuretime

X-rayacceleratingvoltage

distancefromairfoilas’measured onphotographicfilm

distancemeasuredatX-rayentrancesidetoabsor%ercorre-
Sponaingto Y

distancefromairfoil

atomiommber

slopeofcharacteristicfilmcurve

airdensity

free-streamairdensity

airdensityat &ace ofmodel

maximumairdensityforeachruninfigure5

airdensityas fimctionof Y

=solvingtim3ofGeiger-Muellercounter

.

.

.

— —-.———— —
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AEPEITOIXB

RECORDERCOIIFUTER

TheX-rayintensitiessm usuallyOb-taineaas countsrerunit
time . Commercialcounting-rotemeter9thatrecordtheintegrated
pulsesovera fixedtimeareavailable;mostcommercialcounting-rate
meters,however,smeunsuitableforproblemswhererapidlychanging
oountingmtes ofrandomlydistributedpulseshavetoberecorded,
becausea relativelylongtimedeterminationateachconstantcondition
isnecessaryifthemeaummt istobe accuxatewithintherelative
probableerroras giveninequation(7). @ irmt~nt wastherefore
developedthatmeasuresthetimerequiredfora constantnmiberof
countsinsteadofthecountingrate.Thisinstrumenthasthe@led
advantigethattherelative●probableerrorintroducedby thestatis-
ticslnatureoftheoccurrenceofthepulsesremainsfixedprovided
thebackgroundcountissmallcompa~dwiththemeasuredcount.The
airdensityisthena directfunctionofthelogaritlmofthetim
requiredto ~rmitthepassageofthefixednumberofpulses.Forthe
developedapparatus,theamountoftimefora givenairdensityis
proportionaltotheangleofrotationofa cylinderthatcarriesa
logarithmicspiral. Thecylinderisstoppedinitsrotationalmost
instantaneouslyat theoccurrenceofthelastofthepredetetined
numberofpulses.Provisionsaremadeforprintinga recordwhere
thespiraltouchesthepaperchart.Af@r printing,thecylinder
returnsautomaticallyandrapidly(ina fewseconds)to itsstarting
positiontobe readyforthenextdetermination.

Airdensitiesmeasured by theX-rayabsorptionmethcxl.havethus
beenrecordedandcheckwelltiththeairdensitiescalculatedfrom
pressureandtemperaturereadings.WhenrecordedX-raydensitiesare
calculatedbackto intensities,theyarepracticallyincomplete
agreementwithcounting--tereadingstakensimultaneouslywiththe
recomlings. Hence,therecorderdoesnotseemto introduceany
noticeableadditionalinaccuraciesintotheair-densitymeasurements.

Fortheexperimentsthepap=rchartmovedona ratchetarrangement.
Forboundary-layerevaluations,themotionofthepaperwiJI1.havetobe
coupledto theX-rayscanningmechabism. ~

.

.—-—.—_____ __ --———. ——–— ~-.
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APPENDIXc

Is.AMPmcumulation

Thepracticabi13_tyoftheuseoftheX-ray-absorptionmethodfor
air-density-~adientstudiesisdemonstratedby thepresentationofa
typicalboundary-layerproblemencounteredattheLewislaboratacyand
themsmnerb wldchitwouldbe treatedusinginturntheGeiger-
Muellercounterandphotographicfilmasreceiver.

A supersonictid tunnelembodyinga flat-platemodelhasthe
followingoperatingparameters:

Tunnelwidth,L,”ft.... . . . . . . . . . . . . . . . . . ..3
Ree-streamdellSi@)PO) lb/tuft . . . . . . . . . . . . .. 0.0374
Machntier, M..... . . . . . . . . . . . . . . . . ...2.38
whichgivesa boundary-lay=,densityratio,pB/P()“ “ “ “ “ “ 0“47
yieldinga valuefa thedensityatthemiiel
s~f=e, m, ~/tuft . * .**...... ● *=** = **0*0176”

EmploymentoftheGM counternecessitatescalculationof
theminimumapp~edX-rayaccelwatingpotentialto@eld a sufficient
countingrate,at leastabove500countsperminute,atthemaximum
densityoftheboundarylayer (po).

A prellary calculationusingeqqation(2)and previous~
obtaineddatarevealedthata massabscmptioncoefficientofapproxi-
mately30 sqwrefeetperpoundisneededfcmthedesiredcountingrate
atthegivenoperatingconditionsofthe3-foottunnel.A Stlldyof
bothfiguces2 and3 indicatesthata voltageof4.9kilovolts,ina
stableoperatingre@on,correspondsto a massabsorptioncoefficient~
of27.0squarefeetperpound.Hencea samplecalculationis shownfor
anacceleratingpotentialof4.9kilovolts.

Underpreviouslydescribedexperimentalconditionsandforan
X-riyvoltageof3.2kilovolts,

for

o

h
13.23 ~ cAe-BPL= 1700(;ounts/Iuh)

.

A = (0.002)x(0.25)(SQ in.)

d = 9.1(in.)

B = 90 (Sq ft/@

p = 0.0730(lb/cuft)

L= 4.0(in.)

.

—
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Therelative
me 2 isabout9.

Io
1~.g=—

4ycd2

yielding

21

intensityratio 14.9/1302determinedfromfig-
Thenunderthesameconditions,

~e-B@’. 9X I3.2= (9)X(17m)(counts/rein)

()10 g ~.g
.9 X1700d2_ 9x,7m (g)z

e-BpL o.112

forthespecifiedtunnelconditions’of

d = 41.1(in.)

B = 27.0(sqft/lb)

L= 3.0(ft)

equation(2)at4.9kilovoltsbecomes

= 78,000(counts/rein)

78,000
14.9= Al ~ 2

()
.

12

Forthemsdmumdensity,pC

e-81p = 6660 e-81P

= 0.0374(lb/cuft)

14.9= 6660e-3003= (6660)X(0.049)

= 326(counts/rein)

Becausethisnumberofcountsisbelowthatminimumpreviouslyspec-
ified,theuseofa largerslitissuggested.A l/2-inchslitgives
about650countsperminuteandisassumedforthefollowingcalcu-
lations.

—.— —-——— ——. —______ .
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Forthemin3mmldensity ~ = 0.0176pOti perCfiicfoot,

14.9= (2)6660e-00143= (2)x(6660)X(0.867)
t

= 11,560(counts/rein)

Fortheluwestcountingrateof 650countsperminuteanda ref-
erencecountingrateof5000coumtsperminute,thestatisticalerrm,
calculatedfromequatiQns(7)and(8),isapproxhately=.1 Percentj

hence

()AI-z-= = io.031

Forthegi.venboundary layerfrom p. = 0.0374poundpercfiicfoot
%0 ~ = 0.0176poundperc~ic footusinga 0.002-by 0.5-i.uchreceiv-
@ slit,themidmumsensitivityis calculatedfromequation(3).

()92 *O.031
P*= 27(o.0176)x(3j

=*2.2 (percent)

Thedensitychangeovertheentireboundaryl-ayer(PO-%) is

0.0198poundp= c~ic foot;thenthedetectabkdensitychange,as
calculatedfromequation(4),islessthan*2pecentoftheentire
densityrangeoftheboundarylay=.

Inorda?to determhethefeasibilityofusingtheX-rayphoto-
graphicmethodforthegiventunnel,theopthumcombinationof sen-
sitivityandexpos~etimemustbe calculated.Themassabsorption
coefficientB bestsuitedforthegivenoperatingconditionscanbe
obtainedfromeqmtion(I-2),whereinthiscase AllistheUSefUI-
rarwein aulsiondensitiesfrom0.7to 1.1ifthemicrophotometeris
to~e used fm themessmementsofemuk3iondensi~.

Then

B=
(P- K50.434TL= (0.0198)0&434)YL=g-3

(Sqft/lb)

Examinationoffigures2 and3 showsthatthismassabsorption
coefficientcorrespondsto anacceleratingvoltageofabout6.8kilo-
voltsandisina stableoperatingrangefortheX-rayequipment.

.

.

.

.
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Theexposurethe t6.8”iscalculatedby utilizingthefactthat
theenergy(Ixt)remainsconstitfora fixedlevelof emulsion
density.Thus

(1.)4.0
t608= ‘4.0(10)68

.

Andmakinguseofeqpation(2),

(1.)40 d68 2e.(BPL)4.0

t6.8 = t4.0- ()~ e-(BPL)6.8d4.o

wherethes~scripts4.0and6.8referto theparametersusedwiththe
experimentaltestchanberandthegiventunnel,respectively.The
initialX-ray-beamintensityratio (I)O 4 0/(10)68 = 1/705,‘Mti ‘s. .
obtainedfromfigure2. ‘Theexpos~et-
tallydetermined,as showninfigure4,to

A stistitutionofthegivennumerical
equationleadstothefollowingres~t for

t4.o hasbeenexperimen-
be 30 secondsfor D = 0.7.

valuesintothepreceding
theexposur~~~e:

= 55 (see)

Theminimumsensitivityisdeterminedfromequation(11)

9u m +0.006
Pa = 0.434yBLp= (0.434)(1.66)(9.3)(0.0176)(3)= 452.1(percent)

1. Arnold:DichtemessungenmitR&rtgenstrahlenanUberschallstr6-
mungentiWindkanal.ArchivNr.66/124,AerodynamischesInst.,
Peenem&deHeeresversuchsstelle,Nov.1, 1944.

2. Arnold:DensityTestsontheStructureofCompressionShockson
Wedge-profiles.Trans.ofWVARep.ArchiveNo.192,by Lockheed
I&craftCorp.

--. — .._-_— —— ——.—, .— _—. —_ ._
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